Introduction
Ozone effects cultivated plants in two ways: 1) visible symptoms and impairment of photosynthetic efficiency can be named as short-term effects, while 2) long term exposure to ozone causes a decrease in growth and yield, leading to premature senescence [1] . The significance of ozone pollution and its effects have been clearly demonstrated by Sandermann et al. [2] , Hayes et al. [3] and Holland et al. [4] : ozone concentrations exceed the phytotoxic thresholds all over Europe. At phytotoxic levels, ozone reduces both crop yield and biomass of sensitive species and affects crop quality, thus causing significant economic losses. Another effect of ozone is the reduction of net primary production and the net carbon exchange of plants, consequently increasing the carbon losses from different cropping systems; increase in CO 2 emissions and groundwater nitrate pollution, and decrease of crop nitrate content. Thus, examination of the effects of ozone on sensitive plant species is extremely important from an economical and environmental aspect.
Crous et al. [5] concluded that the ozone sensitive clone of the bioindicator clover clone pair is more vulnerable to reactive oxygen species that are harmful for cell membranes, making plants much more liable to develop visible symptoms. Fiscus et al. [6] describes ozone sensitivity as accelerated senescence and ozone symptoms by numerous dying or dead cells in the tissues of ozone exposed leaves. Visible symptoms are explained by degradation of palisade cells [7] , but in bean leaf tissues it was shown that ozone caused cell death among spongy as well as palisade parenchyma cells [8] .
In accordance with the recognition that an abiotic stress which has some oxidative type characteristic (e.g.: metal stress) can influence stomatal operation [9] , more open stomata of ozone sensitive plants is a presumable consequence of the oxidative stress that they are exposed to under elevated ozone levels. Numerous studies suggest that ozone directly affects the operation of guard cells [10] through H 2 O 2 , which easily develops when ozone reacts with different molecules and takes part in the signal pathways of stomatal operation [6, 11] . Reactive oxygen species such as hydrogen peroxide and superoxide are described as secondary messengers of stomatal closure regulation [12] , and by reacting with these active oxygen species, thus changing the polarization grade of guard cell membrane, ozone molecules can influence stomatal closure. Experiments conducted by Elagöz et al. [10] on bean plants showed ozone pollution to affect stomatal conductance as well as stomatal density, and these parameters together with stomatal size mutually affected each other.
As an ozone effect, stomatal density has been shown to increase [11, 12] while stomatal or aperture size to decrease [13, 14] . Ferdinand et al. [7] found ozone sensitive clone of Prunus serotina to have greater stomatal density and smaller palisade per spongy parenchyma ratio. The authors claim that resistance can be explained by different gas permeabilities, which is based on varying leaf structure, since gas resistance of palisade tissue is greater than that of spongy tissue.
It has been shown in several studies [15] [16] [17] , that regulation of stomatal density and cell division in developing leaves is connected with the response that the plant gives to environmental factors or stresses. Study of Navea et al. [18] demonstrates a certain defence mechanism against drought stress by which the plant reduces the number of stomata and refers to it as 'stomatal abortion'. Stomatal density is shown to be related to water conditions. Beside that, development of stomata during cell differentiation is verified to be conducted by genes that are simultaneously regulating physiological parameters such as stomatal conductance. Stomatal developement is also dependent on ambient CO 2 concentration [19] . As part of the regulation of CO 2 exchange and water balance, this genetic/hormonal control is maintained during the entire vegetation period. This control mechanism is able to change stomatal distribution and density of newly developed leaves according to environmental changes [20] . Modification to stomata abundance and size as a stress response is also stated an important pollutant absorption-controlling mechanism [9] .
Stengleina et al. [21] contended that stomatal density is essentially affected by both initiation of stomatal development and the expansion of epidermal cells. Expansion of epidermal cells is in turn a function of many environmental and developmental variables: even the altitude of experimental site can influence stomatal index and density. Ozone unbalances the redox state of plant cells, which leads to modifications in metabolic processes and gene expression, which in turn effect cell growth and development. Cell division is particularly sensible to the redox state of cells whereby oxidative stress impedes cell cycle hence proliferation [22] .
There are differences in ozone sensitivity among plant species. However, a lot of unanswered questions emerge regarding the possible causes of ozone sensitivity or resistance. Ozone bioindicator bean strains (Phaseolus vulgaris R123 and S156) were created by artificial selection [23] to the developed typical ozone symptoms, thus the basis for the difference in ozone sensitivity of the two strains remained unknown. By comparative investigation of the two strains we tried to get closer to the recognition of the causes of ozone sensitivity, and we also sought some histological explanation of different physiology of ozone sensitive and resistant plant genotypes.
Experimental Procedures

Plant material
Phaseolus vulgaris ozone-sensitive (S156) and ozoneresistant (R123) strains were planted in mould in pots. The volume of pots was 10 liters. Planting and cultivation were implemented according to the protocol of 'The International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops' [24] . In winter, plants were grown inside the botanical garden greenhouse of Szent István University, (Gödöllő, Hungary) at approximately 18°C and irrigated regularly. In summer, plants were grown in pots in the same botanical garden, but shaded (according to the ICP protocol) and regularly irrigated. Samples for epidermal impressions and cross-sections were taken twice in 2009, firstly in winter, without considerable ozone levels in ambient air. We used this data as a reference for comparative analysis. While experimental conditions were obviously different in the two seasons, the two genotypes grew under identical conditions in both summer and also in winter. The difference of the measured parameters between the two genotypes in winter could be the base for evaluating the dissimilarities in the impacts of altered environmental conditions and higher ozone levels on the two genotypes. Second sampling was made in summer (August) after plants had been exposed to high ozone pollution in ambient air for an extended period. Seeds from winter plants were sown on 20 th December, 2008; seeds of summer generation were sown in May 2008. Samples were taken three months after sowings. In winter, plants were grown in the greenhouse and a sample of 3-5 young and 3-5 mature leaves of 3-3 plants from each genotype were taken for epidermal imprints and cross sections, respectively.
In summer, samples were taken from plants at three different developmental states: 1) young leaves, 2) mature leaves and 3) old/symptomatic leaves. Prior to taking samples, stomatal conductance and gas exchange rates were measured on the respective leaves.
Winter samples were taken at two different developmental stages only because absence of sufficiently high irradiation in the greenhouse prevented plants from completing their life cycles.
Meteorological data
We gathered meteorological data from the meteorological station located in our experimental site. For ozone measurements at our experimental site we used the model A051020-SP61-02 ozone sensor (FIS Inc., Japan). During the vegetation period in 2009 however, we found the measured data contradictory. For this reason, we used ozone data originating from the meteorogical station of the middle-Hungarian K puszta when evaluating results of the present experiment. This site is marked on the map of Hungary representing the modeled ozone concentrations for July, 1997 ( Figure 1 ). According to this map we considered the AOT 40 values of Gödöllő equal to the values measured at K-puszta. As the modelled AOT 40 values refer only to one month, it has to be emphasized that the results for Gödöllő are only estimates. 
Physiological measurements
Epidermal impressions
Epidermal impressions were made according to Gardner et al. [25] and examined according to Elagöz et al. [10] ; samples were taken from both adaxial and abaxial surfaces of leaves to determine epidermal parameters. Impressions were made using clear nail varnish: two layers of nail varnish were applied in single strokes to an area of approximately one cm 2 in the upper-third portion of selected leaves, to the left or right of the mid-vein, avoiding areas overlying veins then left to dry for a few hours. Afterwards, the varnish was peeled off from the leaf, placed onto a slide in a drop of water, and then covered by a cover slip. Leaves remained intact until the nail varnish was peeled off the surfaces. Photographs were taken from the impressions immediately for avoiding degradation in visibility. Fifty views per surface, cultivar and season were analyzed.
Parameters measured on epidermal imprints were: number and size of stomata; size of guard cells; size and number of epidermal cells on both adaxial and abaxial leaf surfaces. [36] . The critical levels for O 3 to protect different plant species and vegetations considered by the new WHO (World Health Organization) Air Quality Guideline for Europe [37] are based on exposure-response relationships and are expressed as an Accumulated exposure Over a Threshold of 40 ppb (AOT40).
Stomatal index (SI) [21] was calculated as: [number of stomata/ (number of stomata + number of epidermal cells)]*100. Openness of stomata was deduced from the ratio of the width and length of stomatal aperture.
Cross sections
Cross-sections were made according to Baldini et al. [26] ; specimens sampled from the central area of each leaf were fixed in FAA (formalin: acetic acid: 95% ethanol: distilled water, 10:5:50:35), dehydrated with an ethanol series and embedded in glycol methacrylate (GMA resin). Thin transverse sections were made with a manual microtome (Reichert GmbH, Wien), mounted on glass slides and stained with toluidine blue for 5 min at pH 4.4. Fifty measurements were taken for each genotype and developmental stage. Parameters measured on cross-sections were as follows: leaf lamella thickness (L); thickness of the upper and lower epidermis, palisade and spongy parenchyma tissues [27] ; area of palisade and spongy parenchyma tissues; number of palisade and spongy parenchyma cells.
From these measured parameters we calculated: mesophyllum thickness (µm) [l] ; circuit of total parenchyma tissue (µm µm -2 cross sectional area) (Lm); area of total parenchyma tissue (µm 2 µm -2 cross sectional area) (Am); area of palisade (Amp) and spongy cells (µm 2 )(Ams); ratio of the palisade and spongy parenchyma per total parenchyma tissue; surface (Sm) and volume (Vm) of mesophyll cells (µm 2 and µm 3 ); surface (µm 2 ) (Smp and Sms) and average volume (µm 3 ) (Vmp and Vms) of palisade and spongy cells [28] ; average cross-sectional area of palisade and spongy cells (µm 2 ); volume of intercellular spaces (µm 3 ); ratio of the thickness and ratio of the area of palisade/ spongy parenchyma; fraction of intercellular air spaces (f ias ); gaseous conductance of intercellular air spaces (g ias ) using the equations of Syvertsen et al., [29] : g ias = f ias 1.55 /lk, where the 1.55 power accounts for a modelled tortuosity in the diffusion path through small pores, and k is a fitted constant which for simplicity was considered as equal to one in both cultivars.
Epidermal impressions and cross-sections were examined on digital images taken at 6x20 and 6x40 magnification. Images were captured with G9 Power Shot camera (Canon Inc., Tokyo, Japan) mounted on a DM 2500 light microscope (Leica Microsystems Inc., Wetzlar, Germany). Data collection was made from the images processed with the UTHSCSA Image Tool software.
Statistics
Statistical analysis was made using IBM SPSS Statistics 20 software. Principal component analysis was performed on data of 23 measured and computed cross section parameters. A general linear model was employed in univariate and multivariate forms of variance analysis for processing all data of the three different series of measurements. Computation of significant difference among groups was conducted by "Tukey" post hoc test.
Results
Figures 2 and 3 demonstrate the main meteorological parameters and ozone values. In winter, photosynthetic photon flux density (PPFD) ranged between 400 and 800 μmol m -2 s -1 , while temperature (around 18°C) on sunny days, and 1000-1200 μmol m -2 s -1 on cloudy days, and average daily temperatures were about 20°C in May and 25°C in July and August. Due to a relatively wet summer, vapour pressure deficit (VPD) rarely exceeded 10 mbar; the highest values were only occasionally higher than 20 mbar.
Despite the high ozone level in the air (Figure 3 ), in summer ozone sensitive bean strain showed 34% higher photosynthesis intensity versus resistant strain (Table 1) . Differences in stomatal conductance did not prove to be statistically significant, while inner CO 2 concentration of the sensitive strain versus resistant strain was significantly higher in both seasons. With regards to physiological processes, when measured in winter, only inner CO 2 concentrations of the two strains differed significantly. Our data did not show significant difference between stomatal conductance of the two genotypes, although sensitive plants had their stomata open greater in summer according to the measurements made on epidermal imprints (Table 2 ). Principal component analysis was performed on data gained from the winter and summer cross section measurements (23 parameters, measured and calculated). Five components were shown to be significant explaining 88.7% of total variance. The first principal component (PC1, accounting for 25.8% of total variance) correlates mainly with leaf lamina thickness; mesophyll thickness, especially with spongy mesophyll; and estimated surface of mesophyll cells. Second PC (component load is 22.3%) correlates with three different parameters describing the ratio of palisade mesophyll. The most important parameters of the third PC (18.1%) are the fraction of intercellular spaces and their gaseous thickness and cell size ( Figure 4 , Table 2 ). Surfaces of spongy cells and fractions of intercellular air spaces (f ias ) on sensitive plants was higher only when measured on young winter leaves. Abundance of stomata and epidermal cells of sensitive plants were higher in winter. In summer, however, resistant plants had generally higher values of morphological indices and higher stomatal density (Table 2) . Resistant genotype had higher stomatal ratio in summer than in winter. Stomatal index of sensitive strain was generally lower, but this difference was more expressed in summer. Young sensitive leaves had lower number of larger epidermal cells whilst young resistant leaves developed higher number of epidermal cells than older ones. The latest developed leaves of sensitive plants also had the largest guard cells and stomata in summer.
Many of the parameters measured on leaf crosssections (leaf thickness, mesophyll thickness, thickness of palisade parenchyma, area of intercellular air spaces, volume and superficies of mesophyll cells, superficies of palisade cells, volume of mesophyll cells, ratio of palisade and spongy thickness) were significantly higher in August as compared to the winter data, but only in resistant plants. In summer, leaves that appeared later on resistant plants had an increased palisade ratio. Our measurements made on cross-sections showed palisade ratio of sensitive strain to be somewhat smaller. F ias was smaller in old (and injured) sensitive leaves than in old resistant ones; sensitive plants did not show the same enlargement of f ias in old leaves as resistant plants did ( Figure 5 ).
In photographs taken from cross sections we can see that mesophyllum tissues from old leaves of sensitive and resistant strains of P. vulgaris do not differ in density; both are rather loose. However, most cells are collapsed in tissues of sensitive plants. 
Discussion
Despite the large number of studies confirming that ozone sensitive plants have higher stomatal conductance [7, 10, 30] , our present data did not show significant difference between stomatal conductances of the two genotypes. Ozone sensitive bean strains showed higher photosynthetic intensity (Table 1) . Differences in photosynthesis rates could have been induced by different carbon-dioxide diffusion rates since sensitive plants showed higher C i values. Elevated inner CO 2 levels of sensitive plants certainly induced photosynthetic activity. According to literature data high C i levels could be the consequence of ozone-induced reduction in carbon assimilation [11, 31, 32] , which could be more greatly expressed in sensitive strains.
We presume that the reason for these higher inner CO 2 concentrations of sensitive plants in our experiment was due to the fact that their stomata were more open. This presumption is supported by the fact that in spite of higher assimilation rates in sensitive plants, inner CO 2 levels still remained higher. This difference in openness is probably attributable to inhibition of hydroactive stomatal regulation in sensitive plants which is due to changes in stomatal control mechanisms [6, [14] [15] [16] 33, 34] . Openness of stomata is also a function of the redox state of cells. Influence of ozone on stomatal opening is apparent from the difference of stomatal openness of the two strains when investigated in summer. Contrasting the results of the carbon-dioxide exchange and epidermal measurements we inferred that ozone is more likely to affect stomatal action directly through the operation of guard cells. More precisely, according to the carbon-dioxide exchange measurements the C i of sensitive strain was significantly higher. According to the data we obtained from epidermal measurements, sensitive strain had more open stomata. In this regard, the closing reaction of guard cells to increasing C i is of less significance. Inner CO 2 concentration of the sensitive strain was significantly higher in both seasons. Thus, this difference is not a consequence of climatic conditions. More likely it is a genotypic difference between the CO 2 diffusion and/or assimilation pathways of the two strains. The reason for this higher CO 2 concentration in sensitive plants could not generate increased photosynthetic rates when measured in winter might have been shade adaptation because of lower light intensities.
Differences in stomatal openness must be phenotypic, originating from environmental changes. This can be concluded from the fact that in winter, when no stressor is present in the air, difference in openness of stomata of the two strains did not prove to be statistically significant. However, stomata were more open in sensitive plants during the summer according to data from epidermal imprints. This fact could partly explain the different behaviour of the strains under ozone stress, with the larger part of the pollutant invading leaves through stomata. After entering the leaf, ozone can exert its adverse effect on cells and tissues, which is apparent from photographs taken of leaf crosssections ( Figure 6 ).
Among sensitive leaves, young mature ones (that developed after the plant had been exposed to considerable cumulative ozone doses) stopped epidermal cell division earlier then old leaves did. From another aspect, leaves that developed later in time maintained expansive cell growth for a longer time period. This phenomenon was possibly due to ozone induced oxidative stress, which altered the redox state of cells and hence proliferation [15, 22] . Expansive cell growth decreased the number of stomata per mm 2 of epidermis in the sensitive strain and increased the size of epidermal cells. Development of guard cells changed similarly, after the plants had been exposed to summer climate and high cumulative ozone doses, newly developed leaves of sensitive plants had higher sized guard cells and thus larger stomatal apparatus.
Concept of stomatal index normalizes the effect of epidermal cell expansion on stomatal density [21] . Stomatal index (SI in %, Table 2 ) of sensitive strain was generally lower, but this difference was more considerable in summer. In summer, resistant genotypes developed an increased number of stomata, while sensitive plants had lower numbers of stomata; either as an effort to compensate adverse effect of ozone or as a consequence of ozone induced change in cell division and development. If the purpose of this change had been to decrease the accession of the contaminant, it should have also resulted in lower g s and/or transpiration rates. The cause of this different stomatal development could have possibly been ozone-inhibited cell division and/or increased expansive cell growth, which relatively decreased the number of stomata per mm 2 epidermal area.
PCA performed on cross section data reveals that the two strains segregate by the first, second and fifth Resistant strains develop thicker leaves (PC1) and show greater ratios of palisade layers in summer (PC2). In this period, leaves appearing later on resistant plants had an increased palisade ratio, which could be a sign of leaf tissues increasing their photosynthetic capacity (palisade cells mainly being responsible for photosynthesis, while spongy cells for gas and water vapour exchange). Due to high radiation, summer resistant plants develop more layers of palisade cells, but average cell size of their young leaves is smaller than in winter samples. However, cell sizes of mature summer leaves are identical to that measured in mature winter samples, resulting in mature summer resistant leaves being much thicker when measured in summer. Despite different leaf structures in summer and in winter, neither the ratio nor the gaseous conductance of intercellular spaces shows seasonal difference in the case of resistant plants.
Sensitive strains do not show the corresponding seasonal difference in PC1, which correlates with leaf thickness parameters. Summer leaves are even thinner than winter leaves, owing to the higher ratio of palisade (PC2) with smaller palisade cell size (PC4) in young summer leaves, and smaller spongy cell sizes in mature summer leaves (PC5). Differences in parameters measured in leaf cross sections of the two strains in winter -especially in leaf thickness; spongy mesophyll ratio and cell sizes -entirely fade in summer. Resistant plants exploit the given energy sources more effectively. This can be concluded from the fact that a lot of the parameters measured on leaf cross-sections were higher in summer, but only in resistant plants.
Ferdinand et al. [7] argued that a relationship exists between the extent of intercellular spaces, the thickness of palisade and spongy layer and ozone sensitivity. They asserted that thinner palisade layers and greater intercellular spaces decrease gas diffusion resistance in mesophyll tissues and, as a consequence, increase ozone sensitivity. Accordingly, in our measurements, palisade ratio of the sensitive strain was somewhat smaller. Fraction of intercellular air spaces (f ias ) was higher only in young winter sensitive plants, which could reveal a genetic difference that may contribute to ozone sensitivity. However, f ias was smaller in old (and injured) sensitive leaves than in old resistant ones; sensitive plants did not show the same enlargement of f ias in old leaves as the resistant plants did (Figure 5 ).
Photographs taken from old (and injured) sensitive leaves reveal the reason for this phenomenon: disorganization of leaf mesophyllum is probably the cause of shrinking intercellular spaces, as the effused content of collapsed cells occupy some of it (Figure 6d ). Old leaves of sensitive and resistant strains of P. vulgaris do not differ in density; both are rather loose. However, symptomatic tissues of sensitive plants have collapsed cells. Cell structures became unrecognizable, especially in palisade mesophyllum ( Figure 6 ).
In winter, most of the parameters measured on cross-sections and describing cell and tissue sizes were significantly higher in sensitive plants (Figure 4) . This confirms that the two genotypes genetically differ in leaf morphological/histological parameters, but these original differences are mostly suppressed by environmental stress factors. Summer measurements showed several quantitative parameters (number of stomata, stomatal index, pore length, mesophyll thickness, f ias ) to be significantly lower in sensitive leaves. It is also evident that sensitive tissues cannot achieve even the same robustness in summer as in winter. In summer, they had smaller spongy and palisade cells, thinner leaf lamella and mesophyll tissue, despite the much higher light intensity and higher photosynthetic rates. Smaller size parameters of sensitive leaves in summer could partly be explained by collapsing cells and shriveling tissues [1, 7, 18, 35] . At the same time, sensitive plants might have to expend much more energy on defense and regenerating mechanisms instead of expansion of photosynthetic tissues.
Summarizing our observations, several quantitative morphological parameters of ozone sensitive and ozone resistant Phaseolus vulgaris strains differed in the initial winter experiment. These differences must have been genetically determined, however, in some cases altered to the reverse after being exposed to summer climate and ozone. This means that environmental factors may considerably and differently alter phenotypic characteristics of sensitive and resistant strains. We concluded that the sensitive strain was less effective in mesophyll enlargement despite its higher photosynthetic rates in summer. They developed less stomata and epidermal cells, smaller palisade and spongy cells and thinner mesophyll layer comparing to the resistant strain in summer.
On the other hand, resistant strains developed thicker leaves and mesophyll with larger palisade cells in summer than in winter, while sensitive strains developed thinner leaves with smaller spongy cells in summer than in winter.
Possible differences between phenotypic plasticity of the two strains can be an interpretation of the observed poor efficiency of sensitive plants. The genetic base of ozone sensitive strain Phaseolus vulgaris S156 might have reduced during its creation by artificial selection. As a consequence, acclimatization to changing environment and stress factors by exploiting phenotypic plasticity might be inefficient. However, this theory for explaining the different behaviour of ozone sensitive and resistant genotypes of ozone bioindicator plants still needs further investigation.
